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Introduction
The burnt gas temperatures reached in combustion chambers usually exceeds the maximum temperatures which can be sustained by most materials, especially metals used in engines. Therefore, cooling these walls as well as all chamber elements in contact with the flame is mandatory for combustion chamber designers. While cooling is obviously needed to preserve walls, its effects on the flames themselves has received less attention and is usually neglected in many CFD approaches. Flame/wall interaction, for example, is a field of combustion which has not been investigated yet with sufficient care [1] [2] [3] [4] [5] [6] . In most cases, authors measure or compute the maximum wall heat fluxes induced by the flame but do not investigate the effects of the wall on the flame itself.
In the field of simulation, most models [7] [8] [9] [10] [11] assume adiabatic flows. For premixed flames, the famous BML (Bray Moss Libby) approach, for example, which is the workhorse of many theories for turbulent premixed flames [12, 13] assumes that a single variable (the progress variable c ) is sufficient to describe the flow: this is true only when the flow is adiabatic. In the same way, many usual methods for chemistry tabulation such as FPV [14] , FPI [15] or FGM [16] assume that chemistry can be described using only two variables, the mixture fraction z and the progress variable c , which implies that the flames must be adiabatic. 1 Considering that wall heat fluxes in most chambers correspond to approximately 5-40% of the chamber total power, assuming adiabaticity is clearly not compatible with the high-precision methods which are sought today. Note that computing the interaction between the flame and the wall requires to compute both the flow and the temperature within the walls simultaneously: the LES code must be coupled with a heat transfer code within the combustor walls. This task is not simple [19, 20] because time scales are usually very different (a few milliseconds in the flow and a few minutes in the walls).
Among all walls present in a chamber, flame holders play a special role because they control the most sensitive zone of the chamber: the place where the flames are anchored. Any temperature change of the flame holder will induce a change of position for the flame roots and therefore a change in stability and efficiency. The coupling mechanisms between heat transfer within flameholder and flame stabilization have not been analyzed in detail yet. In a series of recent papers [21] [22] [23] , the MIT group has numerically studied the stabilization of premixed flames on square flame holders and shown that the location of the flame roots but also the blow-off limits were strongly affected by the temperature of the flame holder.
The present study focuses on a similar question: which differences in flame anchoring are observed when the temperature of the flame holder varies from a low (typically 300 K) to a high value (700 K). To obtain such a large variation in temperature, a premixed laminar methane/air flame is stabilized on a cylindrical flame holder. Two flame holders are used, with exactly the same external shape. The first one has an internal water cooling system, leading to a surface temperature close to 300 K. The second one is a full, solid cylinder which is uncooled, leading to a surface temperature close to 700 K.
Both experiments and DNS are used to analyze the differences in flame structure near the flame holder. Simulations are performed in dual mode: the flow is computed with DNS using a 13 species kinetic scheme for CH 4 /air flames [24] while the temperature in the solid is computed with a heat transfer solver, coupled to the flow solver. The simulations, performed for cooled and uncooled flame holders, reveal drastic differences in flame root location and flow topologies. They also show that radiative heat transfer must be taken into account to predict the flame topology for the uncooled case.
Section 2 presents the experimental setup. The tools used for the coupled flow/solid simulation are described in Section 3 . Results for the cooled flame holder are discussed in Section 4 before presenting the uncooled case in Section 5 . Finally Section 6 discusses the influence of radiative heat fluxes on the flame stabilization when the flame holder is uncooled.
Experimental configuration
The experimental rig is shown in Fig. 1 : a lean premixed methane-air V-flame is stabilized over steel cylindrical bluff body (radius of r = 4 mm ). The burner has a constant cross section of h = 34 by l = 94 mm so that the flame remains two-dimensional. Individual mass flow meters are used to control air and methane flow rates. Fuel and oxidizer are premixed before entering the injection chamber though six holes. Glass wool, small glass balls and two honeycombs panels are used to laminarize the flow. The flow passes through a water-cooled plenum to ensure a constant fresh-gases temperature. Hot wire measurements downstream of the plenum show that the flow is laminar: the fluctuation level remains below 1% everywhere in the chamber. After the plenum, the flow enters the combustion chamber where the flame holder is located. Two different bluff-bodies have been used to stabilize the flame. The first one is a cooled steel cylinder ( Fig. 2 , left) maintained at 285 K by a 37 g s −1 mass flow rate of cooling water. The second flame holder is a solid steel cylinder, which has exactly the same external geometry as the cooled one ( Fig. 2 , right) . In the following, these cases will be denoted as CBB (Cooled Bluff-Body) and UBB (Uncooled Bluff-Body) respectively. Finally, the combustion chamber has a quartz window in the front, and one on each lateral side wall, for visualization. The operating conditions are given in Table 1 . In these conditions, the flame is steady for all cases and the power of the burner is 7 kW for = 0 . 75 and u b = 1 . 07 m s −1 . In both cases, dimensionless flow parameters are identical. The Reynolds number based on the bluff-body diameter Re bb ≈ 520 is low and the flow remains laminar. Without combustion, a Kármán vortex street is obtained at f = 40 Hz in the wake of the cylinder. For reacting mixtures, the flow becomes fully steady for all cases tested here. Similarly, the ratio between the laminar flame velocity and the bulk speed s l / u b ≈ 0.22 is sufficiently low to avoid flashback events.
Flames are imaged on an intensified PCO-Sensicam camera equipped with a CH * narrow band-pass filter and a f /16,180 mm telecentric lens [25] ( Fig. 2 ) .
In the UBB case, the full cylinder is attached at only one side of the combustion chamber. On the other side, there is a gap of approximately 3 mm between the cylinder and the quartz window. This gap drops to 1 mm at steady state because of thermal expansion. The flame holder temperature has been measured with a K-type thermocouple: T UBB cyl = 670 ± 40 K. A temperature difference of about 70 K has been measured between the two extremities of the cylinder. This corresponds to a gradient of ∂ T / ∂ x ≈ 750 K m −1 .
The corresponding heat transfer is below 2 W so that axial heat flux is not taken into account in the DNS. This allows to run both the DNS and the heat transfer code on 2D meshes.
In the CBB case, the temperature elevation of the water used for cooling is equal to T = 0 . 15 ± 0 . 05 K so that the cooling water temperature can be assumed to be constant. It leads to a total flux taken from the flame xp s → w = ˙ m C p T = 24 W. The thermal properties of the steel used in both UBB and CBB cases are recalled in Table 2 . The emissivity of the bluff body is directly linked to its surface state. In the present experiments, the bluff-bodies are oxidized so that an emissivity of = 0 . 9 is retained. The effects of are discussed using DNS in Section 6 . 
Table 2
Thermal properties of the steel used for the bluff-bodies. The emissivity ranges from 0.2 for polished surfaces to 0.9 for oxidized surfaces.
Material 
Numerical strategy
To capture the effects of flame holder cooling on the flame, a coupled DNS of the flow and of the temperature field within the flame holder is performed.
Fluid and solid solver
The Navier Stokes equations are solved with the AVBP solver using a third-order scheme for spatial differencing on a twodimensional hybrid mesh combined with an explicit two-step scheme for time advancement [26, 27] . The NSCBC [13, 28] formulation is used for the boundaries while the molecular transport is based on the Hirshfelder Curtis approximation [29] .
A multistep analytical mechanisms, referred to as LU13 has been used to describe the chemical kinetics of the methane-air combustion [24] . Laminar flame velocities obtained with LU13 are shown in Fig. 3 : T = 298 K and P = 101 , 300 Pa. The LU13 scheme is compared with the detailed GRI-3.0 mechanism [30] but also with experimental results of Dirrenberger et al. [31] . The error bars in the experimental measurements correspond to the envelope of four different measurements performed by different authors. These measurements were realized using counter flow flames [32, 33] or spherical flame [34] . The laminar flame velocity from the LU13 scheme is 4% higher than the one from the GRI-3.0 mechanism. However, a difference of about 15% is observed between the mean of the experimental measurement and the LU13 analytical mechanism at = 0 . 75 . The resolution of the heat transfer equation in the bluff-body relies on an implicit [35] first-order forward Euler scheme for time integration and a second-order Galerkin scheme [36] . Local heat fluxes φ s are imposed in the solid solver at the boundary shared between the solid and the fluid domains. The solid solver then sends skin temperature back to the DNS code for the next iteration.
Coupling strategy
Both codes are coupled with a software called OpenPALM [37] which exchanges the thermal information at the external face of the bluff-body. The local temperature obtained by the solid solver on the cylinder surface solver is applied through an isothermal NSCBC boundary condition [28] in the fluid solver whereas the local heat flux is imposed in the solid solver. The characteristic flow time τ f is of the order of 50 ms while the solid characteristic time τ s is of the order of 10 3 s. The simulation of the flame for several τ s is impractical. The coupling strategy to accelerate the convergence towards steady state is that each domain (flow and solid) is advanced at its own characteristic time using a time step α f τ f for the fluid and α s τ s for the solid with α f = α s [19] . This is equivalent to decreasing the heat capacity of the solid while preserving the conductivity.
Moreover, radiative heat losses from the flame holder must be accounted for when relatively high temperatures are reached. They are taken into account in the local flux condition imposed on in the solid solver by adding a radiative flux φ rad :
where T is the local temperature at the cylinder surface. Radiation from the gas ( H 2 O , CO 2 ) and from the hot walls downstream of the combustion zone is neglected. Furthermore, walls at the same height of the flame holder are assumed to have a temperature close to the fresh gas and to behave as black bodies: T ext = T u .
Meshing strategy
An unstructured hybrid mesh is used to accurately capture the conjugate heat transfer between the solid and the reactive flow [38, 39] . Five layers of quad elements are used outside of the cylinder boundary (flow region) and ten are used inside (solid region). The remaining parts of the geometries are meshed with triangles ( Fig. 4 , left) . The meshes for solid and fluid domains are not coincident on the flame holder skin and a second-order space interpolation is performed to transfer information between the two solvers.
A mesh resolution of 70 μm is retained. First, it allows to correctly resolve the flame front. The flame thickness is defined by:
For a methane-air premixed flame at = 0 . 75 and with T u = 292 K : δ th = 580 μm so that at least 8 cells are obtained in the flame region. At this resolution, all transported species are accurately resolved across the flame front. The mesh size of 70 μm also allows to capture both dynamic and thermal boundary layers along the cylinder. The thermal boundary layer thickness at the stagnation point is L th = 700 μm and is thickened as the flow passes around the cylinder. It is meshed with at least 10 cells. The dynamic boundary layer is thicker than the thermal one (Prandtl number below unity). Finally, mesh independence was assessed by testing a finer mesh ( Fig. 4 , right) , with a typical cell resolution of 40 μm, which resulted in negligible changes in the flame front position and velocity field. For instance, the small recirculation zone observed in the UBB case is identical on the two meshes.
CBB configuration
Since the bluff-body temperature is controlled by a water flow which is not computed, a boundary condition at the inner diameter of the flame holder is required. The convective inner flux φ s → w ( Fig. 2 ) is modeled through a Newton law at the solid/water boundary:
where T s is the local inside skin temperature of the cylinder, T w is the mean temperature of the cooling water in the outer passage and h turb is the heat transfer coefficient. The water flow is turbulent with a Reynolds number of Re ≈ 5800 > Re c ≈ 2400 according to [40] . The heat transfer coefficient h turb for a turbulent flow in an annulus obtained by a correlation [41] :
where c p and μ refers to the specific heat at constant pressure and the dynamic viscosity of the cooling water respectively and v is the bulk velocity in the outer annulus. The corresponding turbulent heat transfer coefficient is h turb ≈ 3 10 4 W m −2 K −1 .
Experimental and DNS results are compared by superposing iso-contours of the heat release rate (20% of maximum) and CH * field obtained in the experiments ( Fig. 5 , left) . The location of the flame root is accurately reproduced in the DNS. Flame angles ( ) from DNS and experiments are close to each other: DNS = 0 . 076 π ± 0 . 006 π and XP = 0 . 067 π ± 0 . 006 π . This result is coherent with the differences in laminar flame velocity: Fig. 3 shows that LU13 overestimates experimental flame velocities by 10-15%.
In this configuration, the flame roots are located 3 mm downstream of the bluff-body at the angle of θ CBB ≈ 0.15 π . [13] .
The flame root is located in the recirculation zone ( Fig. 6 ) in the wake of the cylinder. Similar results were previously observed by Kedia et al [22] for a flame stabilized behind a square bluff-body in ceramic. The temperature is quasi uniform inside of the flame holder. It ranges between 285.15 K, the temperature of the cooling water, up to 291 K. The DNS data can be used to compute the total heat transfer between the cylinder and the cooling water:
where r int = 3 mm is the radius of the inner boundary of the cooled flame holder. This flux is equal to 31 W and is consistent with the experimental measurement based on the cooling water heating:
The ratio between the heat losses along the cooled cylinder (31 W) and the total power of the burner (7 kW) shows that less than 0 . 5% of the thermal energy released by combustion is transferred to the cooled flame holder. The flame structure can be analysed by visualizing the maximum of the heat release rate along the flame front ( Fig. 7 ) .
This quantity has been normalized by the heat release rate of the equivalent laminar un-stretched adiabatic flame. Three different zones can be identified: • The extinction zone ( E z ). Close to the bluff-body ( z < 5.3 mm), the flame is quenched. In this region (path [ AB ] in Fig. 6 ), the flow is dominated by diffusion processes since no production nor consumption of reaction intermediates is observed. The reactants present away from the wake of the cylinder (point A , Fig. 6 ) are mixed with the products of combustion convected in the recirculation zone (point B ).
• The mixed zone ( M z ). This zone is located downstream of the center of the recirculation zone ( z ∈ [5.3, 16] mm). Here, the combustion is less intensive because the fresh mixture has been mixed with products of combustion so that the local equivalence ratio is decreased. This is the zone where the flame roots are located. Figure 7 shows that the transition from the quenched state (zone E z ) to the fully burning state (zone A z ) is progressive in the zone M z and takes place over a length of approximately 1 cm.
UBB configuration
For the uncooled flame holder, a steady symmetrical flame is also observed. The comparison between DNS and experiments is very good ( Fig. 9 , left) . Compared to the CBB case ( Fig. 5 , left) , Temperature and velocity fields obtained in DNS for both solid and fluid zones are displayed in Fig. 10 . Color scales used to visualize the temperature fields have been separately adapted for both regions. At steady state, the mean temperature of the bluffbody is closed to 700 K with a minimum of 696 K at the stagnation point and a maximum of 711 K at the trailing edge. This result is consistent with experimental measurements of 670 ± 40 K realized with a thermocouple just after stopping the flame. Close to the cylinder, the temperature field in the fluid region indicates that the fresh gases are heated by the hot cylinder on the upstream side. Two small recirculation zones are observed. The first one ( RZ 1 ) is located upstream of the flame front, where the laminar unburnt flow separates. Its temperature is very close to the one of the bluff-body. The second one ( RZ 2 ) is located behind the wake of the cylinder but it is much smaller than it was for the CBB case ( Fig. 6 ) due to the flow expansion. Contrary to the CBB case, the flame roots are located ustream of the back recirculation zone ( RZ 2 ) showing that this stabilization follows different mechanisms.
The DNS data can be used to establish an energy balance for the uncooled flame holder. To do this, it is useful to separate the skin of the bluff-body into two zones: upstream ( θ > 0.4 π in Fig. 9 ) , a large part of the bluff-body is cooled by the incoming gases, taking a flux s → g away from it:
where φ r = φ fluid . n is the radial heat flux in the fluid region taken at the boundary of the bluff-body and n is the normal unit vector pointing inside of the cylinder. Downstream of the bluff body ( θ < 0.4 π ), the burnt gases heat up the cylinder, injecting a flux g → s :
The separation of the two zones is simply obtained from the sign of the local heat flux. The radiative flux lost by the cylinder rad is:
DNS results show that g → s = 66 . 5 W while s → g = −36 . 9 W and rad = −29 . 5 W so that the global budget is closed: g → s + s → g + rad = 0 . The input heat transfer g → s is larger than it is for the CBB case (31 W) due to the vicinity of the flame. Figure 11 shows the flux line inside the bluff-body. One can see that heat coming from the burnt gases is participating to the heating up of the fresh gases. Similarly to the CBB case, three zones can be identified for the flame front structure ( Fig. 12 ):
• The adiabatic zone ( A z ). Here, the fresh reactants have not been heated by the hot bluff-body or diluted by burnt gases. As a consequence, an adiabatic, almost un-stretched laminar flame is observed and the heat release rate values are similar to the equivalent one-dimensional adiabatic flame. The adiabatic zones encountered in both the UBB and the CBB cases are similar in terms of flame dynamics.
• The over-reactive zone ( O z ). Here, the flame is more intense than the corresponding un-stretched adiabatic flame. The excess in burning rate is about 25% since the unburnt mixture is heated by the hot cylinder ( Fig. 11 ) . This increases the burning rate by accelerating kinetics: the peak mass fraction of CH 3 is 20% greater than in the adiabatic zone as shown in Fig. 13 on the path [ GH ].
• The quenching zone ( Q z ). Close to the bluff-body, the flame is quenched due to the conjugate heat transfer from the fluid to the bluff-body. This region may be compared with the academical flame/wall interaction zone discussed in both experimental and theoretical studies by Von Kármán et al. [42] , Lu et al. [1] and more recently by Buckmaster [43] and Vedarajan and Buckmaster [44] , who introduced the concept of edge flame. Flame/wall interaction has also been investigated numerically in Head On or Side Wall quenching configurations [4, 45] and more recently in a turbulent channel [5, 46] . The mass fraction profiles of CH 4 , CH 3 and H 2 O are displayed in Fig. 13 along the path [ EF ], described in Fig. 12 . The presence of the reaction intermediate CH 3 proves that chemical reactions are still occurring close to the cylinder. Furthermore, the flame front is thicker in the quenching zone than the adiabatic or the over reactive zones. This is due to thermal losses which slow kinetics down. Finally, the normalized heat flux between the fluid and the solid φ * r is shown in Fig. 9 , right, along the cylinder. It reaches a maximum of 0.24, which is coherent with values obtained during stagnation quenching events on a cold wall: [47] . It is also much higher than it was for the CBB case φ * r = 0 . 1 ( Fig. 5 ) . 
Influence of the cylinder emissivity
Section 5 showed that radiative heat transfer represents 45% of the bluff-body heat losses for the UBB case. This suggests that changes in stabilization mechanisms may be induced by changing the flame holder emissivity and its temperature. Different computations have been carried out with emissivity ranging between 0.02 and 1.
DNS results show that the flame root position ( Fig. 14 ) is roughly independent of the emissivity between = 0 . 8 (weakly oxidized bluff-body) and = 1 . 0 (perfect black body). The corresponding averaged temperatures of the bluff-body computed in the DNS are T =0 . 8 = 724 K, T =0 . 9 = 705 K and T =1 . 0 = 693 K. All these results are contained within the upper bound of the confidence interval of the experimental measurement of the uncooled bluffbody temperature.
Once the emissivity of the flame holder decreases below = 0 . 8 , the flame roots move upstream. For a low emissivity ( = 0 . 15 ), the flame is stabilized at θ =0 . 15 ≈ π / 2 . In this case, half of the bluff-body is immersed in the burnt gases and its mean temperature increases to T =0 . 15 = 1075 K. A dramatic change occurs when the emissivity goes below 0.15: the flame jumps ahead of the cylinder. In this case, the temperature of the bluff-body, which is completely immersed in the burnt gases ranges between 1500 and 1900 K, depending on the emissivity. Flame root angles and the corresponding normalized mean cylinder temperature are displayed in Fig. 15 for ∈ [0.02, 1] . The temperature of the cylinder increases with the flame root angle as the cylinder is surrounded by more burnt gases. When the flame is "upstream stabilized", the bluff-body mean temperature can be predicted by a simple model by assuming a uniform temperature in the cylinder: T cyl . Using a constant heat transfer coefficient measured in the DNS: h ≈ 100 W m −2 K −1 and neglecting the radiative fluxes absorbed by the hot cylinder:
The temperature T cyl of the cylinder is solution of the fourth order polynomial in Eq. (6.1) . In the limit where < 0.1, the temperature of the cylinder remains close to the adiabatic flame temperature. A Taylor expansion of (T adia − T cyl ) /T adia provides :
According to Eq. (6.2 ), an increase of the emissivity decreases the cylinder temperature as expected. Mean temperatures in the UBB case for the DNS, the model of Eq. (6.1) and its approximation ( 6.2 ) are displayed in Fig. 15 where goes from 0.002 to 1. This figure confirms the topology discontinuity at = 0 . 15 and shows that the simple Eq. (6.2) is sufficient to predict the variations of the flame holder temperature with when the flame is stabilized upstream of the flame holder.
Conclusions
A comparison between DNS and experiments has been carried out to study the anchoring mechanism of a flame attached on a cylindrical bluff-body. Two distinct configurations have been scrutinized. In the cooled bluff-body case (CBB) the flame holder temperature is about 300 K and the flame is stabilized approximately one radius downstream of the cylinder at an angle θ CBB ≈ 0.15 π and attached at the center of the recirculation zone in which products and reactants are mixed. In the uncooled bluff-body case (UBB), the temperature reaches 700 K and the flame is attached closer to the cylinder at θ UBB ≈ 0.4 π . A good agreement between DNS and experiments is obtained for the shape for both cases. Finally, it has been shown that this temperature is controlled by the equilibrium of the convective and radiative heat fluxes occurring along the bluff body: the emissivity of the flame holder can change the flame stabilization location (upstream or downstream of the flame holder). A change of emissivity (a decrease) can lead to a flame jumping upstream of the flame holder and its destruction. More generally, these results show that the temperature of flame holders has a major effect on the flame topology and must be included in simulations as an important parameter.
